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Neural borderave shown that the Xenopus helix–loop–helix transcription factor Hairy2 is
essential for neural crest formation and maintains cells in a mitotic undifferentiated state. However, its
position in the genetic cascade regulating neural crest formation and its relationship with other neural crest
regulators remain largely unknown. Here we ﬁnd that Hairy2 is regulated by BMP, FGF and Wnt and that it is
only required downstream of BMP and FGF for neural crest formation. We show that Hairy2 overexpression
represses neural crest and upregulates neural border genes at early stages while it expands a subset of them
in later embryos. We show that Hairy2 downregulates Id3, another essential HLH neural crest regulator,
through attenuation of BMP signaling. Knockdown and rescue experiments indicate that Id3 protein, which
physically interacts with Hairy2, negatively regulates Hairy2 activity. However, Id3 is required to allow
Hairy2 to promote neural crest formation. Together, our results provide evidence that Hairy2 acts
downstream of FGF and BMP signals at the neural border to maintain cells in an undifferentiated state, and
that Hairy2–Id3 interactions play an essential role in neural crest progenitor speciﬁcation.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe neural crest (NC) is a unique population of multipotent
proliferative cells found in vertebrate embryos at the border between
the neural plate and the epidermis. After their speciﬁcation, these cells
undergo an epithelial-to-mesenchymal transition, migrate extensively
along deﬁned pathways and subsequentely differentiate into a host of
terminal cell types, including neuronal and glial cells of the sensory,
autonomic and enteric nervous systems, cranofacial skeletal elements,
smooth muscle cells and melanocytes (Huang and St-Jeannet, 2004).
Studies conducted in a number of model organisms have shown
that the induction of the NC precursor pool at the edges of the neural
plate is mediated by signals from the non-neural ectoderm and the
non axial mesoderm, with BMP, Wnt and FGF signaling playing
essential roles in this process. In Xenopus, NC induction by these
secreted factors is mediated by the combined activity of Pax3, Msx1
and Zic1 transcription factors at the neural border (Monsoro-Burq et
al., 2005; Sato et al., 2005). In turn, these neural border speciﬁersacted at fax: +32 2 650 9733.
Orsay F-91405, France; CNRS
u-psud.fr (A.H.Monsoro-Burq),
l rights reserved.activate a number of factors implicated in NC speciﬁcation, including
FoxD3 (Sasai et al., 2001) and members of the SoxE (Aoki et al., 2003;
Spokony et al., 2002; Lee et al., 2004) and Snail families (Mayor et al.,
1995; Barrallo-Gimeno and Nieto, 2005). Little is known today about
how the combined action of these signaling molecules and transcrip-
tion factors regulates NC induction, maintenance and differentiation.
The HES (Hairy and Enhancer-of-split) transcription factors play
essential roles in maintaining undifferentiated progenitor cells in
many organs (Kageyama et al., 2005). HES genes, encode HLH proteins
with a basic DNA-binding domain that repress gene expression by
acting as direct transcriptional repressors or by sequestering bHLH
activators. In Xenopus, Hairy2, the ortholog of zebraﬁsh her9 and
mouseHes1, is expressed during gastrulation at the neural plate border
(Tsuji et al., 2003). Hairy2 has been suggested to be a transcription
effector of Notch signaling during NC induction (Glavic et al., 2003).
Recently, it has been shown that morpholino-mediated knockdown of
Hairy2 results in inhibition of NC induction and proliferation,
suggesting that it plays an essential role inmaintaining NC progenitors
in a proliferative multipotent state (Nagatomo and Hashimoto, 2007).
In contrast to HES proteins, Id family members possess a HLH
domain but lack a DNA-binding domain and act primarily by
dimerizing and negatively regulating the DNA-binding ability of
bHLH activators. Id proteins are important for neural stem cell pool
maintenance, through repression of proneural genes (Lyden et al.,
356 M. Nichane et al. / Developmental Biology 322 (2008) 355–3671999). In Xenopus, Id3, a known direct target of Notch and BMP
signaling (Von Bubnoff et al., 2005; Liu and Harland, 2003; Reynaud-
Deonauth et al., 2002), is expressed at the neural plate border and
plays an essential role in the control of NC proliferation and survival
(Kee and Bronner-Fraser, 2005; Light et al., 2005). How Hairy2 and Id3
coordinatively regulate NC and how their activities are integrated in
the network of genes that regulate NC formation remains however
unknown.
Here we analyse Hairy2 regulation by secreted NC inducers and
early neural border speciﬁers, its requirement downstream of the NC
inducing signals and its relationship with Id3.
Material and methods
DNA constructs
The following expression plasmids were constructed by PCR, with
in each case the insert cloned into the EcoRI and XhoI sites of the pCS2
vector or derivatives: pCS2+Hairy2b-GR, pCS2+Hairy2a-GR, pCS2
+Flag-Hairy2b, pCS2+HA-Id3, pCS2+Flag-Id3-GR, pCS2+mHes1-GR.
For Hairy2a-GFP and Hairy2b-GFP constructs, 400 bp around the
ATG was cloned in frame into EcoRI and XhoI sites of pCS2+GFP. In the
pCS2-Hairy2bDBM-GR plasmid, residues 43–47 (EKRRR) were
replaced with the motif RELEE. Primers are available upon request.
Templates were all linearized by NotI and synthetic capped RNA was
generated using the mMessage mMachine kit (Ambion).
Morpholino oligonucleotides
The following antisense morpholinos (Genetools) were used:
Hairy2a MO, 5′-ATGGTATCTGCGGGCATGTTCAGTT-3′;
Hairy2b MO, 5′-GGCATGTTCAGATGTTGTATCCGGA-3′;
Hairy2b 5mis MO, 5′-GGCTCGTTCATAGTCGTATCCTGA-3′;
The standard control MO (Genetools) and the Id3, FGF8a, Pax3,
Msx1 and Zic1 MOs have been previously described (Light et al., 2005;
Monsoro-Burq et al., 2005; Sato et al., 2005).
Embryo manipulations and in situ hybridization
Xenopus embryo injections were performed as described (Sive et
al., 2000; Monsoro-Burq, 2007). The following previously described
expression plasmids were used: GSK3, dnGSK3 (from A. Zorn), FGF8a
(from R. Harland), CA-Alk3 (from C. Niehrs) tBR (from Y. Sasai), torso-
FGFR4 (from M. Umbhauer), Su(H)Ank-GR, Su(H)DBM-GR, Delta1,
Delta1Stu (from C. Kintner). Embryos were injected at the 4–8 cell-
stage in one dorsal animal blastomere (for in situ analysis) or in all
animal blastomeres (for phenotype, western analysis and animal cap
assays). Nuc-lacZ mRNA (100–250 pg/blastomere) was used as lineage
tracer. Induction of GR constructs in embryos was performed by
addition of dexamethasone (Dex, 10 μM) around stage 11.5–12 unless
speciﬁed (Sigma). Cartilage staining was performed as described (Kee
and Bronner-Fraser, 2005).
Whole-mount in situ hybridization was performed as described
previously (Sive et al., 2000). Plasmids for Slug/Snail2 (R Mayor), SoxD,
Pax3, Zic1 (Y. Sasai), Sox3 (H. Grunz), Sox9, Sox10, Trp2 (J.P St-Jeannet),
Id3 (R Harland), Six1 (S. Moody), Six3 (M. Andreazzoli), XAG1 (H. Sive),
BMP4 (N. Papalopulu),MyoD (J. Gurdon), Otx2 (Boncinelli E), HoxB9 (T.
Pieler), Pax8 (A. Brandli), Xbra (J. Smith) and Msx1 (T. Sargent) were
kindly provided. Hairy2b and N-tubulin plasmids were as previously
described (Taelman et al., 2004).
Western blot and co-immunoprecipitation
Western blot and co-immunoprecipitation analysis (Taelman et al.,
2004) of dissected animal caps (40 caps/samples) cultured until midgastrulation was performed using anti-Flag (M2, Sigma) and anti-HA
(clone HA-7, Sigma) primary antibodies and goat anti-mouse IgG
secondary antibody HRP-conjugated (Jackson immunosource). Wes-
tern blot analysis of embryos was performed using anti-GFAP (DAKO)
and Protein A-Peroxidase (Sigma). GAPDH was used as a loading
control (Abcam).
Animal cap assays and Q-PCR analysis
In explant experiments, RNAs were injected in all blastomeres at
the 4–8 cell-stage in the animal pole region. Animal caps were
isolated at blastula stage (stage 9) and cultured to equivalent stage 14
or 28. Animal caps were induced to form NC by injection of noggin
and Wnt8 mRNA (50 pg each/blastomere) (Saint-Jeannet et al., 1997;
LaBonne and Bronner-Fraser, 1998). Total RNA was extracted by using
the RNeasy mini kit (Qiagen). cDNA was synthesized with iScript
cDNA synthesis kit (Biorad). Q-PCR was carried out using a Gene Amp
TM PCR system 9600 (Perkin Elmer Biosystem) and a Q-PCR core kit
for SYBR Green I (Eurogentec). Samples were normalized with
GAPDH. The following primers were used: ID3 (Fw: 5′-AAAGCCAT-
CAGCCCAGTG-3′, Rev: 5′-AGTGGCAGACGCTGGTGT-3′); Sox9 (Fw: 5′-
GCAATTTTCAAGGCCCTACA-3′, Rev: 5′-GCTGCCTACCATTCTCTTGC-3′);
Sox10 (Fw: 5′-TGCTCACTCCAGTCCAGATG-3′, Rev: 5′-ACCAATGTC-
CAGTCGTAGCC-3′); Snail2 (Fw: 5′-CACACGTTACCCTGCGTATG-3′,
Rev: 5′-TCTGTCTGCGAATGCTCTGT-3′); ESR6e (Fw: 5′-CTGCTTCCA-
GAAAATGCACA-3′, Rev: 5′-CAGGGAGGCAAGAATCAGTC-3′); Hairy2
(Fw: 5′-TGACAGTCAAGCACCTACGG-3′ , Rev: 5′-CTGGTCCT-
CACTTCGGTGTT-3′); BMP4 (Fw: 5′-AAGAGGATGAGCTGCACGAT-3′,
Rev: 5′-GCTGCTGAGGTTGAACACAA-3′); Ep. keratin (Fw: 5′-CTCAC-
TTTGCCAGCACTCTG-3′, Rev: 5′-GTGATAGCAATGGCCTTCGT-3′); N-
tubulin (Fw: 5′-CAATACCGAGCCCTGACAGT-3′, Rev: 5′-CTGTGAGG-
TAGCGTCCATGA-3′), Six1 (Fw: 5′-GCGATCACCTCCACAAGAAT-3′, Rev:
5′-AGTGGTCTCCCCCTCAGTTT-3′), Sox3 (Fw: 5′-TACCTGTGCTG-
GATCTGCTG-3′, Rev: 5′-AGACACTTACGCGCACATGA-3) and GAPDH
(Fw: 5′-TAGTTGGCGTGAACCATGAG-3′, Rev: 5′-GCCAAAGTTGTCGTT-
GATGA-3′). Means and standard errors of the means from duplicate
sample are represented. An experiment representative of at least
three independent injection experiments is shown.
Results
Hairy2 expression at the neural border is regulated by BMP, FGF and Wnt
signals, but not by Notch activity
To determine whether Hairy2 expression at the neural border is
regulated by the NC inducing signals BMP, FGF and Wnt, embryos
were injected in one dorsal animal blastomere of 4–8 cell-stage
embryos with mRNA coding for either a dominant negative BMP
receptor (tBr), a dominant negative form of GSK3ß (dnGSK3) or FGF8a
together with LacZmRNA. As shown in Fig. 1Aa–c, blocking of BMP or
activation of Wnt or FGF signaling resulted in an expansion of Hairy2
expression in the NC territory of early neurula embryos. Next, we have
either activated BMP signaling by overexpression of a constitutively
active BMP receptor (CA-Alk3), blocked Wnt by overexpression of
GSK3ß or blocked FGF signaling using a dominant negative form of
FGFR4 (ΔFGFRR4) or a FGF8 morpholino (FGF8 MO, data not shown).
Hairy2 was downregulated under all those conditions at the neural
border (Fig. 1Ad–f).
Notch signaling is also implicated in NC formation (Cornell and
Eisen, 2005). Since Hairy2 was proposed tomediate Notch signaling in
NC (Glavic et al., 2003), we investigated the regulation of Hairy2 by
Notch. We modulated Notch activity using inducible constructs
encoding a Notch ICD ankyrin fusion of Su(H), Su(H)Ank-GR, and a
dominant negative DNA-binding mutant of Su(H), Su(H)DBM-GR. Both
constructs were activated at stage 11, at the onset of Hairy2 expression
at the neural border. None of these constructs affected Hairy2 NC
Fig. 1. Signaling pathways and transcriptional factors involved in the regulation of Hairy2 expression in NC. (A) Hairy2 is activated by attenuation of BMP (tBr 50 pg), activation ofWnt
(dnGSK3β 250 pg) or FGF (FGF8a 25 pg). Respective induction: (a) 72% n=27; (b) 50% n=25; (c) 64% n=22. Activation of BMP (Ca-Alk3 50 pg), inhibition of Wnt (GSK3β 250 pg) or FGF
(ΔR4 250 pg) has the opposite effect. Respective inhibition: (d) 82% n=31; (e) 58% n=17; (f) 62% n=19. Activation (Su(H)Ank-GR 1 ng) or repression (Su(H)DBM-GR 1 ng) of Notch
signaling does not inﬂuence Hairy2 expression (g, h; unaffected 92% n=26 and 85% n=4, respectively). (i) Q-PCR analysis of animal cap explants derived from embryos injected
radially with ICD (250 pg) or Su(H)dbm (250 pg) mRNA together with noggin (50 pg)+ Wnt8 (50 pg) mRNA. (B) Expression of Hairy2 in Msx-1 (a, b), Pax3 (c, d), and Zic1 (e, f)
overexpressing or depleted (20 ng MO) embryos. Overexpression of each of these factors (125–250 pg mRNA) expands Hairy2 expression (Respective induction: (a) 57%, n=77; (c)
63%, n=30; (e), 85% n=55). Depletion of Msx1 reduces Hairy2 expression on the injected side (b, 49% with mild decrease, n=70). Depletion of Pax3 (d) and Zic1 (f) inhibited Hairy2
expression (respective inhibition: d, 63% n=59; f, 65%, n=29). (C) FGF8a injections with CoMO expanded Hairy2 (a) and Snail2 (e) (Expansion in 92%, n=49 and 55%, n=20
respectively). In presence of Msx1 MO, the expansion caused by activation of FGF signaling was still observed for Hairy2 (b, 73% expanded, n=30) but not for Snail2 (f, 45% decreased,
n=20). Activation of Wnt signaling by Wnt7b with CoMO expands Hairy2 (c, 83% expanded, n=18) and Snail2 (g, 78% of expansion, n=17). In the presence of Pax3 MO, Wnt7b still
expanded Hairy2 expression (d, 93% expansion, n=14) while Snail2 is decreased (h, 62% reduced, n=13). All embryos are shown in dorso-anterior view. β-galactosidase was used as a
lineage tracer (light blue staining) and the injected side is oriented to the right. (D) NC inducing signals and neural border factors involved in Hairy2 regulation. The dashed line
indicates that Msx1 contributes to a lesser extend than Pax3 and Zic1 to Hairy2 expression.
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modulated Notch signaling, as evidenced by their effect on primary
neurogenesis and on the neural crest marker Snail2 (Slug). Activation
of Notch signaling by overexpression of constitutive Notch ICD (NICD)
or inhibition using a constitutive truncated form of Delta1 (Delta1Stu)
did not affect Hairy2 expression either (Fig. 1Ag, h and data not
shown). Wnt signaling in combination with BMP antagonists induces
NC markers in vitro in ectodermal explants (Saint-Jeannet et al., 1997;
LaBonne and Bronner-Fraser, 1998). As observed in embryos, in such
NC induced explants, overexpression of NICD or Su(H)DBM did not
affect Hairy2 expression. As expected, ESR6e, a known ectodermal
Notch target gene (Deblandre et al., 1999) was activated by NICD and
repressed by Su(H)DBM (Fig. 1Ai). These results show that Hairy2
expression at the neural border is regulated by BMPs, FGFs and Wnt
but not by the Notch pathway.
The neural border regulators Pax3 and Zic1 contribute to Hairy2
expression at the neural border
Pax3, Msx1 and Zic1 are expressed at the neural plate border as
early as Hairy2 (Monsoro-Burq et al., 2005; Sato et al., 2005). We
therefore analysed the regulation of Hairy2 by these factors. Snail2
was also tested as a control (data not shown). Injection of Msx1, Pax3
or Zic1mRNA caused an expansion of Hairy2 expression domain at the
neural plate border (Fig. 1Ba, c, e). Conversely, Hairy2 expression was
strongly decreased after Pax3 or Zic1 knockdown, and moderately
reduced in Msx1 morphants (Fig. 1Bb, d, f). These results show that
Hairy2 expression level at the neural border is dependent on Pax3
and Zic1 activity and, to a lesser extend, on Msx1 function.
At the neural border, FGF andWnt activate Snail2 via the activity of
Msx1 and Pax3, respectively (Monsoro-Burq et al., 2005). In order to
test whether these epistatic relationships were also important for
Hairy2, embryos were injected either with FGF8a mRNA or mRNA
encoding a constitutively active FGFR4 (torsoFGFR4 (tFGFR4), Umb-
hauer et al., 2000) and control MO or the combination of FGF8a or
tFGFR4 and Msx1MO. While the expansion of Snail2 caused by the
activation of FGF signaling was efﬁciently blocked by the co-injection
of Msx1 MO, Hairy2 expansion was not signiﬁcantly affected (Fig. 1Ca,
b, e, f and data not shown). Similar experiments used activation of
canonical Wnt signaling by Wnt7b, either in the presence of a control
MO or of Pax3 MO. Similarly, while Snail2 expansion by Wnts was
blocked by co-injection of Pax3 MO, Hairy2 expansion remains
unaffected (Fig. 1Cc, d, g, h). These results suggest that, in contrast
to observations on Snail2 regulation, Msx1 and Pax3 do contribute to
setting Hairy2 expression at the neural plate border, but not as
respective mediators of FGF and Wnt signals (Fig. 1D).
Hairy2 is essential for NC induction mediated by FGF and BMP
To evaluate Hairy2 requirement downstream of the NC inducers,
we designed two antisense MOs that efﬁciently target both a and b
Hairy2 pseudoalleles (Fig. S1A). In accordance with recent data
(Nagamoto and Hashimoto, 2007), microinjection of our Hairy2 MOs
inhibits NC speciﬁc markers such as Snail2, Sox9, Sox10 and Trp2.
Those markers were downregulated at both neurula and tailbud
stages (Fig. S1B). As reported previously (Nagatomo and Hashimoto,
2007), this inhibitory phenotype is not due to an increase in primary
neurons that spread into the NC zone due to the release of Hairy2
negative regulation on primary neurogenesis nor to Hairy2 driving NC
into another lineage (see neuronal and patterning markers expression
in Fig. S1C). Injection of a Hairy2 MOs containing ﬁve mismatch
(Hairy2 MOs 5mis) did not affect the expression of any of the NC
markers tested (data not shown) and the Hairy2 MO phenotype could
be rescued in Dexamethasone (DEX) treated embryos by co-injection
of mRNA encoding a hormone inducible Hairy2-GR construct lacking
the Hairy2 MO recognition sites, indicating that the observedphenotype is speciﬁc (Fig. S1Ba,b). These results conﬁrm previous
ﬁnding indicating that Hairy2 is required for NC formation and
validate our morpholinos.
To determine Hairy2 requirement for FGF-mediated NC induction,
we analyzed the ability of tFGFR4 to expand NC progenitors in the
context of Hairy2 depleted embryos. Injection of tFGFR4mRNAwith a
control MO expanded Snail2 and FoxD3. Activation of FGF in Hairy2
depleted embryos resulted in contrast in a strong decrease of Snail2
and FoxD3 expression, as observed with Hairy2 MO alone (Figs. 2a–d).
When BMP signaling was attenuated by tBR in the presence of a
control MO, both Snail2 and FoxD3 were expanded. In tBR mRNA and
Hairy2 MOs coinjected embryos, their expression was strongly
reduced (Figs. 2e–h). In contrast, Wnt7b was able to induce Snail2
and FoxD3 in the presence of both control and Hairy2 MOs (Figs. 2i–l).
These results show that Hairy2 is required for NC formation down-
stream of FGF and BMP but not Wnt signals.
Hairy2 inhibits NC speciﬁcation but increases glial differentiation in
later embryos
Contradictory previous studies indicate that Hairy2 ectopic
expression in embryos may or may not cause an expansion of the
NC (Glavic, et al. 2003; Nagatomo and Hashimoto, 2007).We therefore
reexamined the consequences of Hairy2 upregulation for NC devel-
opment. As Hairy2 is expressed maternally in the animal pole and in
the deep layer of the Spemann organizer (Tsuji et al. 2003), we used a
hormone inducible Hairy2b-GR construct (referred as Hairy2-GR) to
avoid interference with early patterning events and gastrulation
movements. A Hairy2a-GR construct has been also generated that
gives identical results as those reported below (data not shown). First,
to validate our Hairy2-GR construct, we compared its activity to that of
wild type Hairy2 on the mesodermal marker Xbra (Yamaguti et al.,
2005), adding DEX after injection at stage 3. Both constructs repressed
Xbra, indicating that the inducible protein is active (Fig. S2).We then
investigated the consequence of Hairy2-GR gain of function on various
NC markers in early neurula embryos (stage 14) by activating the
fusion protein between stage 11.5 and 12. At dose lower than 200 pg of
mRNA, injection of Hairy2-GR had no effect on Snail2 (data not
shown). At higher dose (500 pg mRNA), Hairy2-GR reduces Snail2.
Similar results were obtained using other early NC markers such as
FoxD3, Sox9 and Sox10 (Fig. 3Aa and data not shown). We next
analysed the effects ofHairy2-GR gain of function at tailbud stages. We
found that embryos, as they develop from neurula to tailbud stage,
show progressively stronger staining of Snail2 on the injected side
(Fig. 3Ab–d). Fig. 3Ae shows that in NC induced ectodermal explants,
Snail2 is also initially repressed by Hairy2-GR but that it progressively
becomes upregulated at later stages.
To determinewhether increasedHairy2 expression affects the type
of NC derivative formed, we analyzed various NC subtype speciﬁc
markers in tailbud embryos. Expression of Sox10, a factor implicated
in the maintenance of NC glial and melanocyte precursors (Kim et al.,
2003), was found to be also upregulated (Fig. 3Ba). In contrast, Sox9,
expressed in chondrogenic precursors (Spokony et al., 2002) and Trp2,
a melanocyte marker (Aoki et al., 2003), were still repressed (Fig. 3Bb,
c). Overexpression of a mouse Hes1-GR construct similarly affects the
expression of NCmarkers (Fig. S3). As observed in embryos, Snail2 and
Sox10, but not Sox9, were found upregulated in stage 28 NC induced
explants (Fig. 3C). The temporal ability of Hairy2 to activate late or
inhibit early NC development was also examined using Hairy2-GR
adding DEX at different time points. As shown in Fig. 3D, Hairy2 is only
able to upregulate Sox10 in tailbuds when the fusion protein is
activated between stage 11 and 14. Hairy2 ability to repress Snail2 at
neurula stage was observed from stage 11 to 14 (data not shown). We
next analysed the effect of Hairy2 overexpression on NC at swimming
tadpole stage. At stage 45, Hairy2-GR injected embryos showed
reduced pigmentation compared to non injected embryos. The
Fig. 2. Hairy2 is required for NC induction downstream of FGF and BMP. Embryos were injected either with mRNA encoding an activated form of FGFR4 (torso fused FGFR4, tFGFR4)
and a control MO or with tFGFR4 mRNA and Hairy2 MOs. tFGFR4 and CoMO injections expanded Snail2 (a) and FoxD3 (c) (Expansion in 62% and 43%, n=24 and n=2 8 respectively).
Hairy2 MOs blocked the ability of tFGFR4 to expand Snail2 (b) and FoxD3 (d) (61%, n=28 and 63% decreased, n=27 respectively). Attenuation of BMP signaling by tBR with CoMO
expanded Snail2 (e) and FoxD3 (g) (expansion in 68%, n=19 and 60%, n=20 respectively). In the presence of Hairy2 MOs, tBR no longer induced expansion of Snail2 (f, decreased in
35%, n=20) nor FoxD3 (h, decreased in 73%, n=19). Wnt signaling with CoMO expanded both Snail2 (i, 84%, n=19) and FoxD3 (k, 83%, n=18). Co-injection of Wnt7b and Hairy2 MOs
still expanded both Snail2 (j, 78% expansion, n=18) and FoxD3 (l, 100% expansion, n=19). All embryos are shown in dorso-anterior view. β-galactosidase was used as a lineage tracer
(red staining) and the injected side is oriented to the right.
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(Fig. 3E). The effect of Hairy2 overexpression on GFAP, a marker of glial
cells (Soula et al., 1990) was also examined. At stage 32, when GFAP
expression starts in the PNS, embryos injected with Hairy2-GR mRNA
showed reduced GFAP compared to uninjected controls (Fig. 3Fa).
However, at stage 45, Hairy2-GR injected embryos displayed increased
GFAP (Fig. 3Fb). Together, the increase of Sox10 and GFAP, the
decreased pigmentation and cartilage differentiation suggest that
pigment and skeletogenic NC derivatives are reduced by Hairy2 gain
of function in late embryos. These results also suggest that when
Hairy2 is maintained in NC progenitors during the period of NC
speciﬁcation, an enlarged population of NC forms with a delay and
these cells favour a glial lineage.
Hairy2 affects early neural border patterning
The loss of NC markers observed in Hairy2 overexpressing neurula
embryos may be due to Hairy2 driving NC progenitors into another
lineage. To test this hypothesis, we examined the effect of Hairy2-GR
overexpression on the expression pattern of neuronal (NeuroD, MyT1,
N-tubulin), pan-neural plate (Sox3, Nrp1), placodal (Pax8, Six3, Six1),
mesodermal (MyoD), and antero-posterior patterning (Otx2, XAG1,
HoxB9) markers. As previously reported (Stancheva et al., 2003, Glavic
et al., 2003), expression of neuronal markers is reduced in Hairy2-GR
overexpressing embryos (Fig. S4Aa–c). This repression is observed in
early and in late embryos (Fig. S4Ba–d). The expression patterns of the
other markers tested was not signiﬁcantly affected at all stages
examined (Fig. S4A, B). In stage 14 NC induced ectodermal explants,
Hairy2 overexpression or depletion also reduces Snail2 without
signiﬁcantly affecting neural (Sox3), neuronal (N-tubulin), placodal(Six1) or epidermal (Epi. k) markers (Fig. S4C). Thus, Hairy2 gain of
function dynamic phenotype is not linked to its effects on neuronal
differentiation and does not appear to be associated with major cell
fate changes in the ectoderm.
As the data above suggest that Hairy2 may have a direct effect on
NC, we investigated the effect of Hairy2 gain and loss of function on
the early neural border genes Msx1, Pax3 and Zic1. We also examined
the dorsal ectodermal marker SoxD because its domain of expression
includes the NC territory and its overexpression induces NC (Mizuseki
et al., 1998; Monsoro-Burq et al., 2005; Sato et al., 2005; Nitta et al.,
2006). Hairy2-GR overexpression at early neurula stage led to an
expansion of Msx1 and Pax3 and induced ectopic Zic1 and SoxD (Figs.
4b, d, f, g, i, j). Injection of Hairy2 MO reduced Msx1 expression (Fig.
4a). Pax3 and Zic1 expression domains were in contrast moderately
expanded and SoxD appears unaffected (Figs. 4c, e, h). A similar
outcome of the gain and loss of function ofMsx1, Pax3 and Zic1 on the
expression of border markers has been previously observed (Mon-
soro-Burq et al., 2005; Sato et al., 2005). These results underline the
complex cross-talks that exist between transcription factors at the
neural plate border. Overexpression results suggest that the early loss
of NC in Hairy2 gain of function may be due to an upregulation of
earlier neural border genes that may contribute to the maintenance of
cells in an undifferentiated/pre-speciﬁcation state.
Hairy2 overexpression negatively regulates Id3 through downregulation
of BMP4
The results above suggest that Hairy2 has a direct effect on NC and
that its activity must be precisely controlled. Id3 is another important
HLH regulator involved in NC formation (Kee and Bronner-Fraser,
Fig. 3. Hairy2 overexpression represses NC marker at early stages but expands a subset of them in later embryos. (A) Snail2 expression is initially repressed by Hairy2-GR overexpression
(500 pgmRNA) and increased in later embryos (a, stage 13, 65% decreased, n=17; b, stage 15, 58% decreased, n=24; c, stage 21, 27% reduced n=22; d, stage 27, 53% increased n=19). Dorsal
view (a, b) or highmagniﬁcation of thehead region are shown (c, d).β-galactosidasewasused as a lineage tracer. (e) Q-PCR analysis of Snail2 expression in animal caps injectedwith noggin+
Wnt8 (control) or injectedwith noggin+Wnt8 andHairy2-GR (250 pg/blastomere) and harvested at different stages. Snail2 is repressed by Hairy2 during neurula stages but is progressively
upregulated at later stages. (B) Injection of 500 pg of Hairy2-GRmRNA increases Sox10 (a) but decreases Sox9 (b) and Trp2 (c) (78% induced for Sox10, n=29; 60% inhibited n=20 for Sox9
and 62%, n=21 for Trp2) at tailbud stages. Lateral views with control and injected sides are shown. β-galactosidase was used as a lineage tracer. (C) Q-PCR analysis of animal caps derived
from embryos injected with noggin+Wnt8mRNA and cultured until the equivalent of stage 28. Hairy2-GR (250 pg/blastomere) represses Sox9 but increases Snail2 and Sox10while Hairy2
depletion (5 ng/blastomere) reduces allmarkers. (D) Temporal ability of Hairy2 activity to activate late NC development. Note that Hairy2-GR ability to increase Sox10 is only observedwhen
DEX is added before st14. (E) Eight-cell-stage embryos injected radially at the animal polewith Hairy2-GR (250 pg/blastomere) (b, d) display reduced pigmentation. Cranial cartilages were
also reduced compared to uninjected controls (a, c). Respective inhibitions: (b) 58%, n=24; (d) 54%, n=21. (F) Extracts from stage 32 (a) or 45 (b) embryos injected radially with Hairy2-GR
were analysed using anti-GFAP antibody. GAPDH was used as loading control. Note that GFAP is ﬁrst reduced and later increased by Hairy2 overexpression.
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Fig. 4. Hairy2 affects the expression of neural border genes. Hairy2-GR mRNA
overexpression (500 pg) expands Msx1 (b, 64% n=22), Pax3 (d, 62% n=17) and strongly
increases Zic1 (f, g, 78% n=14), SoxD (i, j, 100% n=11). Injection of Hairy2 MOs (10 ng)
reduces Msx1 (a, 60% n=26) and expands Pax3 (c, 58% n=31) and Zic1 (e, 53% n=17).
SoxD appears unaffected (h, 80% normal n=20). Embryos are shown in dorsal (a–f, h, i)
or lateral view (g, j), with inset showing control sides. β-galactosidase was used as a
lineage tracer.
361M. Nichane et al. / Developmental Biology 322 (2008) 355–3672005; Light et al., 2005). Fig. 5A shows that Hairy2 expression overlaps
partially with Id3 in the NC region and anterior neural plate of stage
13–15 embryos. How does the combined action of Hairy2 and Id3
control NC formation? To approach this question, we ﬁrst asked
whether Hairy2 and Id3 affect each other transcription. In vivo, we
observed that Hairy2-GR decreases Id3 expression and that Hairy2
MOs expands Id3. Similar results were obtained in animal cap
explants induced to form NC (Fig. 5Ba, b, d). Microinjection of Hair-
y2DBM-GR mRNA encoding a DNA-binding mutant was unable to
repress Id3 transcription in embryos as well as in animal cap explants,
suggesting that inhibition of Id3 by Hairy2 occurs via transcriptional
mechanisms (Fig. 5Bc, e). In contrast, Id3-GR overexpression did not
affect Hairy2 expression. In Id3 MO injected embryos, Hairy2
expression was not affected, while Snail2 was efﬁciently blocked
(Fig. 5Bf, g and data not shown; Light et al., 2005; Kee and Bronner-
Fraser, 2005).
Id3 has been identiﬁed as a direct BMP target (Von Bubnoff et al.,
2005). As Hairy2 has been shown to repress BMP4 transcription
(Glavic et al., 2003), we asked whether Hairy2 affects Id3 transcription
by modulating the BMP pathway. As shown in Fig. 5Ca–e, Hairy2-GR
overexpression causes a decrease of BMP4 both in embryos and in
vitro NC induced explants. Overexpression of Hairy2DBM-GR did not
inhibit BMP4 in either assays. Conversely, embryos and animal caps
injected with Hairy2 MOs showed increased BMP4 expression. Hairy2
acts thus as a negative regulator of BMP4 in NC. We then tested
whether reactivation of BMP signaling could rescue Id3 expression inembryos. As expected, injection of CA-Alk3 alone upregulated Id3
expression. Co-injection of CA-Alk3 with Hairy2-GR mRNA blocked
Hairy2 ability to repress Id3 (Fig. 5Cf, g). These results indicate that
Hairy2 negatively regulates Id3 expression via transcriptional repres-
sion of BMP4.
Id3 binds to Hairy2 and negatively regulates its activity during
NC formation
Id proteins are well known to form inactive dimers via their HLH
domain with other bHLH factors (Norton, 2000). To determine
whether Hairy2 protein complexes with Id3, we performed co-
immunoprecipitation assays using Flag-tagged Hairy2 and HA-tagged
Id3 overexpressed in animal caps. Hairy2 could be detected following
Id3 immunoprecipitationwhile other HES factors such as Hairy1, Hes2
and Hes6 were not (Fig. 6A). To map the domains of Hairy2 and Id3
required for this interaction, we tested similarly the ability of Hairy2
and Id3 deletions to form complexes. Only the Hairy2 mutants
containing the Orange (aa 95–148) domain and the Id3 mutants
containing the C-term part of the HLH domain (aa 60–85) were found
to interact with each other (Figs. 6B, C).
To determine whether Id3 affects Hairy2 activity, Hairy2-GRmRNA
was injected into embryos alone or together with Id3-GR mRNA. Id3
overexpression rescued the inhibition of Snail2 or FoxD3 by Hairy2 in
neurula embryos and in animal caps induced to form NC. Co-injection
of Id3-GR also blocked the ectopic induction of SoxD by Hairy2 (Fig. 6D
and data not shown). Together, these results indicate that Hairy2 and
Id3 proteins physically interact in an unusual manner, via Hairy2
Orange domain, and that Id3 antagonizes Hairy2 activity.
Id3 is required for Hairy2 to promote NC formation
Hairy2 and Id3 hierarchical relationship in NC development is
largely unknown. Here we tested whether the effect of Hairy2 on NC
development is dependent on Id3. First, Hairy2-GR mRNA was
microinjected alone or together with Id3 MO. As shown in Fig. 7Aa–
d, Hairy2 ability to upregulate Sox10 in tailbud embryos and in animal
caps induced to form NC was completely inhibited by co-injection of
Id3 MO. In contrast, ectopic SoxD induction by Hairy2 in embryos was
not affected by Id3 MO co-injection. Ectopic Zic1 induction as well as
Msx1 and Pax3 expansion by Hairy2 were also unaffected (Fig. 7Ae–p).
Second, Hairy2 MOs were coinjected with Id3-GR mRNA. Id3 over-
expression rescued Snail2 and Sox10 in Hairy2 depleted embryos or
NC induced animal caps explants. No rescue was observed in control
embryos without DEX (Fig. 7B). These results indicate that Id3 is
required for Hairy2 to expand NC but not to expand SoxD and other
early neural border genes and suggest that Id3 may function
downstream of Hairy2 in NC formation.
Discussion
Hairy2 is regulated by NC inducing signals and early neural border
transcription factors and acts downstream of FGF and BMP signaling
In accordance with the general mechanism of NC induction, our
results indicate that Hairy2 is regulated negatively by high BMP levels
and positively by Wnt and FGF signaling at the neural border of early
neurula embryos. In a previous report, it has been shown that Hairy2
is slightly expanded upon Notch activation in NC of late neurula
embryos (Glavic et al., 2003). In contrast, our results indicate that
Hairy2 in NC progenitors is not affected by modulation of Notch
activity, neither in early neurula embryos nor in animal cap explants.
This discrepancy could be due to differences in developmental stages.
The modest increase in Hairy2 observed by these authors in late
embryos, which contrast to the strong induction observed for other
Notch target genes (Pichon et al., 2002; Lamar and Kintner, 2005)
Fig. 5. Hairy2 negatively regulates Id3 by repression of BMP4. (A) At neurula stage, Hairy2 and Id3 expression overlaps in the NC region as shown by double in situ hybridisation. Id3 is
in purple and Hairy2 in dark blue (a–b). Higher magniﬁcations is shown (a’–b’). (B) Hairy2-GR overexpression (500 pg) decreases Id3 (a, 52%, n=25). Knockdown of Hairy2 increases
Id3 (b, 56%, n=32). Overexpression of a Hairy2 DNA-binding mutant (Hairy2DBM-GR 500 pg) does not affect Id3 (c, 95% unaffected, n=22). In NC induced animal caps, Hairy2 MOs
(5 ng/blastomere) upregulates Id3 while Hairy2-GR overexpression (250 pg/blastomere) reduces Id3. Hairy2DBM-GR (250 pg/blastomere) has no effect on Id3 (d, e). Id3
overexpression or depletion does not affect Hairy2 expression signiﬁcantly (f, g, 90% n=19 and 80% n=24, respectively). (C) Hairy2-GR overexpression inhibits (a, 56%, n=18), while
its knockdown increases BMP4 expression in the NC (b, 45%, n=22). Overexpression of Hairy2DBM-GR (500 pg) has no effect on BMP4 expression in NC (c, 80% normal, n=15). Q-PCR
analysis of animal caps induced to NC injected with Hairy2 MOs, Hairy2-GR or Hairy2DBM-GR (d, e). Injection of CA-Alk3 (25 pg) activates Id3 (f, 43%, n=16) and blocks Hairy2 ability
to repress Id3 in embryos (g, 77% normal, n=25). All embryos are shown in dorso-anterior view. β-galactosidase was used as a lineage tracer (light blue staining) and the injected side
is oriented to the right.
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Fig. 6. Id3 interacts and blocks Hairy2 activity in NC. (A) Overexpressed Flag-tagged Hairy2 but not Hairy1, Hes2 or Hes6 interacts with HA-tagged Id3 in immunoprecipitation assays.
(B–C) Mapping of the domains of Hairy2 and Id3 required for their interaction. Note that only the Hairy2 deletion mutants containing the Orange domain are able to interact with Id3
(B) and that the C-terminal part of the HLH domain of Id3 is required for Hairy2 interaction (C). (D) Co-injection of Id3-GR (1 ng) rescues Snail2 inhibition by Hairy2-GR (70% rescued,
n=26)(a, b). Q-PCR analysis of Snail2 in animal caps induced to form NC injected radially with Hairy2-GR (250 pg), Id3-GR (500 pg) or both (250 pg and 500 pg respectively. A control
western blot showing that in each condition similar levels of overexpressed proteins Myc-Hairy2-GR and Flag-Id3-GR have been produced is shown (c). Co-injection of Id3-GR (1 ng)
blocks the ability of Hairy2-GR to induce SoxD (d, 89% ectopic n=18; e, 74% rescued n=19). Dorso-anterior views with injected side to the right (a, b) or lateral views (d–g) of neurula
embryos are shown. β-galactosidase was used as a lineage tracer.
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Fig. 8. Model of the interactions occurring between Hairy2 and Id3 at the neural plate
border and their effects on NC.
365M. Nichane et al. / Developmental Biology 322 (2008) 355–367suggests that it may be indirect, perhaps due to the ability of Notch to
stimulate cell proliferation (Guentchev and McKay, 2006; Nichane et
al., 2008). Notch-independent regulation of other vertebrate HES
genes has been previously reported. Hes1 regulation itself, appears
also, in some cases, to be Notch-independent such as in the zebraﬁsh
ﬂoor plate and neuroectoderm (Bae et al., 2005; Latimer et al., 2005).
In Notch1 or RBPJk mouse mutant embryos (de la pompa et al., 1997;
Hitoshi et al., 2002) and in human neuroblastoma (Stockhausen et al.,
2005), Notch-independent Hes1 expression has been also reported.
The relationships between Hairy2 and the transcription factors
acting at the onset of NC induction have been also investigated. We
show that the knockdown of Pax3 and Zic1 and, to a lesser extend,
Msx1, prevents Hairy2 upregulation at the neural border. Moreover,
we show that Hairy2 is regulated by FGF signals independently from
Msx1 activity and by theWnt pathway independently from Pax3. This
contrasts with the regulation of Snail2 which involves i) both Msx1
and Pax3 function in FGF-mediated NC induction and ii) Pax3 function
during NC induction byWnt (Monsoro-Burq et al., 2005). The identity
of the transcription factors that control Hairy2 expression down-
stream of these secreted signals remains unknown.
We then evaluated Hairy2 requirement downstream of the NC
inducers. In accordance with recent data (Nagatomo and Hashimoto,
2007), we observed that Hairy2 depletion inhibits NC markers in
early neurula embryos. Moreover, Msx1 but not Pax3 and Zic1
expression was also reduced at the neural border. We show that this
inhibitory phenotype is not due to an increase in primary neurons
that have spread into the NC zone, suggesting that other inhibitors
of primary neuron formation than Hairy2 are present at the neural
plate border. We show that Hairy2 is essential in mediating both
BMP attenuation and FGF activation at the neural border, resulting
in NC induction. Hairy2 might be tightly linked to FGF signaling
since FGF8 and FGFR4 are expressed during gastrulation and early
neurulation close to Hairy2 expression at the prospective neural
plate border (Golub et al., 2000; Monsoro-Burq et al., 2003).
Moreover, Hes1 expression in human neuroblastoma cells, which
are NC derived tumors, is directly correlated to MAP kinase activity
(Stockhausen et al., 2005). Such a link between FGF signaling and
HES gene expression has been demonstrated during somite
segmentation (Kawamura et al., 2005, Niwa et al., 2007). In contrast,
Wnt signals, which are also key for neural border and NC
speciﬁcation via Pax3 activity (Monsoro-Burq et al., 2005), act in a
Hairy2-independent fashion.
Hairy2 overexpression inhibits NC marker expression at early stages and
increases a subset of them in later embryos
We show that, at early neurula stage, Hairy2 impairs the
expression of NC speciﬁc markers which are activated later during
NC formation. This inhibition is transient as NCmarkers such as Snail2
and Sox10 are increased at tailbud stage. GFAP which is initially
reduced by Hairy2 overexpression, is also increased in stage 45
tadpoles. The loss of NC markers in embryos overexpressing Hairy2
appears not to be due to drastic modiﬁcations in tissue boundaries as
the expression of most ectodermal markers tested is not affected. We
however observed that Ep. keratin expression is repressed and that, in
contrast to Sox3, nrp1, and NCAM, the pan-neural plate marker Sox2 is
ectopically induced by Hairy2 at neurula stages. This induction is not
observed at later stages (Fig. S4Am–o and data not shown). Other HES
factors such as HRT1 have been also shown to downregulate Ep.Fig. 7. Id3 is required for Hairy2 to promote NC formation. (A) Hairy2-GR (500 pg) injection i
Pax3 (h, 65%, n=32),Msx1 (k, 59%, n=27) and Zic1 (n, 63%, n=32) in neurula embryos. Hairy2
but still induces SoxD (g, 70% increased n=20), Pax3 (j, 62%, n=29), Msx1 (m, 49, n=35) and
(50% inhibited, n=15;) and has no effect on SoxD (f, 76% normal n=17) Pax3 (i, 70%, n=23),
with Id3 MO in NC induced animal explants (d). (B) Id3-GR (1 ng) partially rescues Snail2 an
explants analysed by Q-PCR (c, f). Respective inhibition and rescue: (a) 68% inhibited, n=26;
views of embryos with injected side to the right (a, b) or lateral views (d, e) of embryos arekeratin expression (Taelman et al., 2004). Overexpression of Hairy1
also induces Sox2 (data not shown). Whether these effects of Hairy2
are speciﬁc and whether they are related to Hairy2 function at the
neural border remains unclear.
We observed that the early neural border genes Pax3 andMsx1 are
expanded and that Zic1 and the dorsal ectodermal marker SoxD is
ectopically induced in the ectoderm of Hairy2-GR injected embryos.
During normal NC development, the expression of these neural border
genes is progressively downregulated in the speciﬁed NC domain
while remaining high in neural cells (Tribulo et al., 2003; Monsoro-
Burq et al., 2005, Sato et al., 2005). The maintenance of their
expression in the NC forming area of late neurula embryos beyond
their normal timing of expression may thus explain the delay in NC
speciﬁcation that appears to occur in Hairy2 injected embryos. In
addition, we observed that Hairy2 increases the number of prolif-
erative cells in the ectoderm of early neurula embryos (Nichane et al.,
2008). Together, our results suggest that Hairy2 acts directly on NC
progenitors and is essential for their maintenance as immature
precursor. This role would be similar to that of the mouse Hairy2
homolog, Hes1, which plays a crucial role in the promotion and/or the
maintenance of progenitor cell proliferation in embryonic telence-
phalic cells (Ohtsuka et al., 2001). The observed bias toward a glial fate
in late embryos may be due to a stage-dependent restriction of NC
progenitor potential. In the retina, cell fate speciﬁcation is tightly
linked to the timing of cell cycle exit and glial lineage is the last cell
fate to appear (Marquardt and Gruss, 2002). Whether the competence
of NC progenitors is progressively restricted during development and
whether Hairy2 favors gliogenesis by delaying cell differentiation
remains to be investigated.
Hairy2 and Id3 interplay in NC
Our results show that Hairy2 negatively regulates Id3 transcription
in a DNA-binding dependent manner, which is in accordance with the
observation that Id3 is expressed in a subpart of Hairy2 NC domain.
We found that Hairy2 inhibition of Id3 occurs through transcriptional
repression of BMP signaling, which directly regulates Id3 transcription
(Von Bubnoff et al., 2005). In the telencephalon of Hes1 mutant
mouse, Id1 expression is upregulated (Ishibashi et al., 1995) suggesting
that Id repression may be an evolutionarily conserved activity of Hes
proteins.
We observed that Id3 protein interacts with Hairy2. This interac-
tion requires the C-terminal part of Id3 HLH domain and, surprisingly,nduces Sox10 (a; 55% increased, n=24) in tailbuds and upregulates SoxD (e, 88%, n=16),
-GR and Id3 MO co-injection(15 ng) decreases Sox10 (60% inhibition, n=27) in embryos
Zic1(p, 67%, n=33). Control minus DEX shows that the Id3 MO efﬁciently inhibits Sox10
Msx1 (l, 85%, n=21) and Zic1(o, 65%, n=23). Hairy2-GR was also unable to induce Sox10
d Sox10 in Hairy2 (10 ng) depleted embryos (a, b, d, e) and in NC induced animal caps
(b) 89% rescued, n=27; (d) 56% inhibited, n=18; (e) 75% rescued; n=30. Dorso-anterior
shown. β-galactosidase was used as a lineage tracer.
366 M. Nichane et al. / Developmental Biology 322 (2008) 355–367the Hairy2 Orange and not the HLH domain as opposed to Id usual
mode of action on bHLH transcription factors. This Orange domain has
been shown to play an important role in dimerization and in the
selection of the bHLH partners (Taelman et al., 2004). We found that
Hairy2 activity in NC is negatively modulated by Id3. Together, these
data suggest that Id3 repression of Hairy2 activity may occur through
direct physical protein–protein interaction. Further experiments are
required to determine how Id3 interaction might affect Hairy2
activity. One possibility is that Id3 affects the ability of Hairy2 to
bind DNA. Id proteins have been shown to physically interact with
Hes1 and reduces its DNA-binding activity in neuroblastoma (Jögi et
al., 2002). In chick embryos, Ids have been shown recently to inhibit
precocious neurogenesis in the hindbrain through sustaining the
expression of Hes1. This sustained expression appears to be due to the
release of the negative feedback autoregulation of Hes1 by direct
interaction of Id proteins with Hes1 (Bai et al., 2007).
Our ﬁnding that Id3 depletion affects Hairy2 ability to expand NC
but not tomaintain them in an neural border progenitor state and that
Id3 can rescue Hairy2 loss of function suggests that Id3 may be
required downstream of Hairy2 to downregulated its activity and
allow NC progenitor differentiation. However, Id3 and Hairy2 have
most probably other functions than blocking each other as Hairy2 and
Id3 double knockdown leads to a more dramatic reduction of Sox10 in
tailbud stage embryos and in NC induced explants than that observed
in single morphants (Fig. S5). Our model of how Hairy2 and Id3 work
in early NC speciﬁcation is presented in Fig. 8. We propose that Hairy2
plays a crucial role in the maintenance of NC progenitors in an
unspeciﬁed neural border state by repressing BMP4, and thus its direct
target Id3 and upregulating neural border genes. Id3, by interacting
directly with Hairy2 and blocking its activity, may allow NC to
progress through speciﬁcation and differentiation. The mechanisms
by which Hairy2 promotes NC differentiation through Id3 will be
explored in the accompanying study (Nichane et al., 2008). In sum, our
study demonstrates an essential role for Hairy2–Id3 interactions in
the control of NC formation and highlights how inducing signals (i.e.
FGF and BMP) are integrated and interpreted by presumptive NC cells
to coordinate their development.
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